Abstract-A novel dual-polarized broadband antenna array for S-band is presented. This antenna is composed of 6 2 microstrip antenna elements with a hybrid feed-line network providing an isolation 18.6 dB between the H-and V-ports. The operative bandwidth is from 3.15 to 3.25 GHz, and the peak measured gain is approximately 19 dBi. The array is suitable for spacecraft operation because of the selected materials, its low profile ( 8 mm thickness), and light weight. It has potential applications in synthetic aperture radar (SAR), remote sensing, and wireless communications.
I. INTRODUCTION
T HERE has been increasing interest in recent years in using S-band frequencies for building the radio system of a synthetic aperture radar (SAR) on spacecraft as opposed to using Lor C-bands. For radar systems on a small spacecraft using lowcost launch vehicles, the selection of operating frequency is a compromise. Toward L-band, there is an increasing availability of high-power amplifiers and materials to construct antennas, while toward C-band, there is higher access capability with regards to the radar incidence angles and opportunity for higher resolution. S-band is therefore a suitable band in between, which provides small, low-complexity radars, satisfactory resolution, sufficient sensitivity, and enough access capability while also retaining the option of low-cost launch vehicles. The antenna design, however, faces challenges in that an S-band antenna array used on a spacecraft will have fewer radiating elements compared to C-band. This brings challenges to the design of the array antenna using materials suitable for a spacecraft. For SAR applications, the antenna requires dual polarization capability, low profile, and relatively low cost. The mass of the antenna is also required to be low. Microstrip array antennas are a promising candidate to achieve the requirements of an S-band SAR antenna on a spacecraft. Dual-polarized antennas can be realized by feeding the rectangular microstrip patch at two orthogonal edges, through edge feed or probe feed, which excites transverse magnetic and waveguide modes with orthogonal polarization. Both the antenna element itself and its array elements often achieve the isolation of nearly 20 dB [1] . Since the impedance bandwidth depends significantly on the feeding techniques, a maximum of 1.9% impedance bandwidth can be achieved using probe-fed patches arrays [2] , and 15% with stacked structure [3] - [5] .
A coplanar microstrip line structure can achieve 20% bandwidth for horizontal polarization, while vertical polarization is achieved via a microstrip line through an H-shaped slot [6] . The bandwidth can be extended up to 22% with proximity coupling [7] , [8] . For dual-polarized patch arrays with coplanar microstrip feeding network, an impedance bandwidth up to 2% is achieved if a corporate feeding is employed [1] , [9] . However, the use of coplanar series as an alternative to corporate feeding has the advantage of a minimum line-length feeding network, a compact structure, and relatively low-cost manufacturing. As a reference, an impedance bandwidth of 1.1% for standard coplanar series feeding [10] and 2.9% with line or patch tapering [11] , [12] has been achieved for single polarization.
In this letter, a novel dual-polarized coplanar series-fed antenna array is designed with materials suitable for spacecraft operations. The basic array geometry is based upon the design originally proposed for the P-Band Biomass antenna, which is found to have good cross-polar element performance for both polarizations and excellent VP/HP port isolation [13] . This letter scales the P-Band Biomass antenna to make it operational in the S-band, and it extends the number of radiating patches from 2 to 6, aiming an enhancement of the impedance bandwidth and the radiation characteristics. The requirements are a bandwidth at least 100 MHz (3%) for both polarizations to enable SAR observations to 4.5 m across track resolution incidence angles greater than 20 , and 3 m beyond 30 . Once the six-element subarray geometry is selected, the beamwidth specification is dictated by the geometry itself. An aperture populated by such subarrays (with identical excitations) has to produce a or " " type pattern in both planes without grating lobes. The radiation pattern has to be constant along the bandwidth with the maximum gain close to boresight. A gain of approximately 18 dBi with variations smaller than 3 dB within the bandwidth was targeted, with sidelobe levels (SLLs) less than 10 dB. The physical feeding point is chosen to be at the antenna end because of mechanical constraints, although a center feeding design can be envisaged. The prototype antenna including simulated and measured results is presented in this letter.
II. STRUCTURE OF THE ARRAY ANTENNA 
are in millimeters). along the horizontal -axis, operating in both vertical (VP) and horizontal (HP) linear polarization for the S-band 3.2 GHz. The antenna can work in transmission and receiving modes. The antenna is printed on a Kapton LF-9150 sheet and is mounted on a Rohacell foam substrate. The adhesive is a Redux 312 film.
These materials are suitable for spacecraft operations. Table I shows a summary of the materials and thicknesses of the antenna layers. The space between adjacent element centers is 82.2 mm, which equals (where is guided wavelength). The dimensions of the nonresonant patch edges can be calculated using the equation in [14] , yielding initial results of 38.5 mm at 3.2 GHz. The optimized values used in the final design are 36.57 and 40.12 mm for the VP and HP nonresonant edges, respectively. Two microstrip lines, located on the patch edges, are used to excite the patch in orthogonal modes. Fig. 1(b) shows the antenna backside where two identical 50-matching networks are attached to the ground plane. A Duroid substrate was required since the dielectric properties of the Rohacell foam would not allow a 50-compact design. The matching networks are connected to the antenna feeding ends through 0.8-mm diameter copper vias. A 90 end-launcher SMA connects the microstrip trace to the coaxial feeding cable.
Each cable is 0.5 m long and connects the 180 Hybrid power divider to the antenna. Fig. 2 shows the layered structure of the antenna. The layers L6, L7, L8 , and L9 have a circular clearance with radius mm around the signal vias. To avoid possible parallel plate wave modes, the two ground planes L6 and L9 are connected to each other with ground vias with 0.4 mm radius.
III. DESIGN CONSIDERATION
A series-fed resonant-type array structure is used for each subarray. According to preliminary simulations, a six-element subarray is expected to maximize the impedance bandwidth, while a standard series-fed configuration is used for the HP feeding, the VP network consists of a symmetric configuration feeding both edges of each patch to improve the field distribution symmetry on the patches and decrease the SLLs. A relatively thick substrate with low permittivity is chosen to increase the impedance bandwidth of microstrip patches. From a mechanical perspective, the substrate should be light, stiff, and ideally resistant to compression since the whole structure needs to be pressured during the adhesive curing process. In this letter, a 6-mm Rohacell 31 HF substrate is chosen for the driven patches and the coplanar feeding network, having a dielectric constant . The design approach of this array is carried out by first optimizing the single-element performance for both polarizations, and then by building up to a six-element subarray on an element-by-element basis. At each step, some retuning and tweaking of the feed-line geometry was found to be necessary as the effect of element interactions made them felt. Each modeling stage is carried out including the VP 180 reactive power divider (since the VP feed rails are excited in antiphase). The two subarrays are separated in elevation by 77.1 mm ( at 3.2 GHz). According to simulations, this is the minimum separation required to maintain good isolation between the VP feed rails, and it is critical to the subarray performance. The subarrays have a relative rotation of 180 to compensate possible pattern squints at the bandwidth edges. Thus, the VP and HP subarrays ports are fed with a 180 Hybrid power divider as shown in Fig. 1(b) . Preliminary simulations showed that the dielectric constant of the adhesive layer has a significant impact on the resonant frequency of the microstrip antennas, despite its relative thin thickness. These constants can be altered in an uncontrollable way during the high-temperature curing process since liquid components can be volatilized. As it will be shown in Section IV, this aspect of manufacturing will impact the measured antenna performances.
IV. ANTENNA PROTOTYPE RESULTS
The antenna performances are simulated and compared to measured results. Simulations are carried out with commercial CST software. The -parameters are measured by a vector network analyzer, and the far-field radiation patterns are measured in an anechoic chamber. The measured loss for the 0.5-m feeder cable is 0.5 dB, while the insertion loss for the 180 hybrid power divider is 0.6 dB. The end-launcher SMA connector insertion losses are neglected. These values are subtracted from the simulated realized gain for consistency with the prototype setup.
In Fig. 3(a) , the simulated and measured impedance bandwidths are given. The measured impedance bandwidth is below 10 dB within the frequency range of 3.1-3.3 GHz, corresponding to an impedance bandwidth of 6%. The measured frequencies are shifted down of about 50 MHz compared to the simulated ones, mainly because of the adhesive issues mentioned in Section III. A similar adhesive effect has been reported also in [15] . Fig. 3(b) shows the isolation between the array input ports. The isolation is at least below 18.6 dB, within the impedance bandwidth of 3.1-3.3 GHz. Fig. 4 shows the normalized radiation patterns at 3.2 GHz. The measurement radiation patterns are in good agreement with simulations. The measured cross-polarization levels in the E-plane and H-plane are about 15 dB below the copolarized beam peaks, and they are constant for all frequencies. Table II shows the simulated realized gain, the measured gain at Ports 5 and 6, and the measured SLLs. A gain of about 17.98 and 17.52 dBi is measured at 3.2 GHz for VP and HP, respectively. The subarray patterns have a maximum squint of about at the impedance bandwidth edges (e.g., 3.1 and 3.3 GHz) since they are tuned at 3.2 GHz. Although the subarrays' relative rotation of 180 fully compensates the squints, the radiation pattern peak powers do not sum perfectly in phase along the boreside direction. This issue would result in a significant loss of gain compared to the peak gain, such as 14.3 and 10 dBi for simulated and measured gain, respectively. The loss of gain is more severe for the manufactured antenna as the adhesive layers shifted down the resonating frequencies, with consequent radiation pattern degradation and a rising of the subarray pattern squints. The peak SLLs are from 10 to 14.2 dB in the range of 3.15-3.3 GHz for both polarizations, which are normal for the arrays with a uniform amplitude distribution. The peak SLL of 5.8 dB at 3.1 GHz for HP is probably due to the spurious radiations from the VP feeding networks. Considering the radiation pattern measured gains and the SLLs, the antenna achieves acceptable measured performances within an operational bandwidth of about 3% from the overlay of the impedance and pattern bandwidths.
V. CONCLUSION
A novel design of the dual-polarized microstrip array antenna is presented with application to S-band SAR with materials and features suitable for spacecraft. The antenna has a simple structure, wide bandwidth, and good isolation between the ports. Considering the adhesive-layer properties as an uncontrollable factor in this multilayer structure, it has been difficult to achieve a good matching of the measured performance with simulations.
However, the manufactured antenna still presents goods performance in the 3% operational bandwidth. This antenna is a first step of monolithic array design exercise with larger numbers of rows and several radiating elements per row. Future design work should look at the choice of an adhesive layer to keep excellent bonding properties without the curing processes that affect the dielectric properties.
